The volatile anesthetic isoflurane (ISO) has previously been shown to increase the fluidity of artificial lipid membranes, but very few studies have used biological cell membranes. Therefore, to investigate whether ISO affects the mobility of membrane proteins, fluorescence-labeled transferrin receptor (TfR) and glycosylphosphatidylinositol (GPI)-anchored protein were expressed in human embryonic kidney 293T cells and neural cells and lateral diffusion was examined using fluorescence recovery after photobleaching. Lateral diffusion of the TfR increased with ISO treatment. On the other hand, there was no effect on GPI-anchored protein. We also used GC/MS to confirm that there was no change in the concentration of ISO due to vaporization during measurement. These results suggest that ISO affects the mobility of transmembrane protein molecules in living cells.
The volatile anesthetic isoflurane (ISO) has previously been shown to increase the fluidity of artificial lipid membranes, but very few studies have used biological cell membranes. Therefore, to investigate whether ISO affects the mobility of membrane proteins, fluorescence-labeled transferrin receptor (TfR) and glycosylphosphatidylinositol (GPI)-anchored protein were expressed in human embryonic kidney 293T cells and neural cells and lateral diffusion was examined using fluorescence recovery after photobleaching. Lateral diffusion of the TfR increased with ISO treatment. On the other hand, there was no effect on GPI-anchored protein. We also used GC/MS to confirm that there was no change in the concentration of ISO due to vaporization during measurement. These results suggest that ISO affects the mobility of transmembrane protein molecules in living cells.
The full mechanism of action of volatile anesthetics is not yet known. The complete mechanism underlying the action of volatile anesthetics remains unknown. Volatile anesthetic molecules have been considered to act on specific membrane receptors [1] as well as at the membrane-water interface, thereby increasing membrane fluidity. Tsai et al. [2] studied the effects of volatile anesthetics on phospholipid (dimyristoylphosphatidylcholine) hydration in a water-in-oil reversed micellar system using Fourier transform infrared spectroscopy and found that they decreased the peak of restricted water molecules and increased the peak of free water molecules. In addition, the peak shift of phosphate toward a higher wave implied that water molecules bind to the phosphate moiety of the anesthetic molecules. Hamanaka et al. [3] reported the effects of the volatile anesthetics diiodomethane and trifluoroethyl iodide on the purple membrane of Halobacterium halobium. X-ray diffraction profiles indicated that anesthetic molecules were present on the lipid side of the protein-lipid interface. Furthermore, Tang et al. [4] proposed that volatile anesthetics preferentially target the lipid-protein-water interface and not a specific channel protein.
They simulated the interaction between halothane molecules and the gramicidin A channel using large-scale 2.2-ns all-atom molecular dynamic simulation. Their results suggested that 10 molecules of halothane were distributed between channel protein and dimyristoylphosphatidylcholine membrane. However, the halothane molecules did not penetrate into channel proteins. Yoshida et al. [5] analyzed the action of enflurane on a water-in-oil (glycerol a-monooleate/n-decane/water) emulsion using proton nuclear magnetic resonance spectroscopy. They showed that volatile anesthetics weakened the hydrogen bonds of the oil-water interface and desorbed the vicinal water. Ueda et al. [6] reported the effects of halothane on surface viscosity using a dipalmitoylphosphatidylcholine (DPPC) monolayer. Halothane decreased the viscosity (increased fluidity) of the DPPC membrane in a dose-dependent manner. They concluded that the presence of volatile anesthetics at the membrane-water interface dampened lipid-water interaction forces and consequently increased membrane fluidity.
These findings help our understanding of the distribution and effects of anesthetics within the membranes; however, the mechanisms in live cell membranes remain elusive. The living cell membrane comprises heterogeneous lipids. The binding of volatile anesthetics to membrane lipids is closely related to the partition coefficient between anesthetics and lipid molecules. Therefore, the distribution of volatile anesthetics in the biomembrane is predicted to be heterogeneous. We hypothesized that the heterogeneous distribution of anesthetic molecules in living membranes would result in heterogeneous changes in membrane fluidity.
To verify this hypothesis, we investigated the fluidity of marker proteins in the cell membrane using fluorescence recovery after photobleaching (FRAP). HaloTag-fused transferrin receptor (TfR) and glycosylphosphatidylinositol (GPI) anchor protein, representative markers proteins in the cell membrane, were expressed in human embryonic kidney (HEK) 293T cells and neural cells. These cells were exposed to isoflurane (ISO), a volatile anesthetic generally used in clinical medicine, and were analyzed using FRAP to ascertain whether ISO induced heterogeneous changes in fluidity. We also used midazolam (MDZ), a general anesthetic, water-soluble benzodiazepine agonist. Unlike volatile anesthetics that act on multiple sites in the cell, MDZ specifically binds to the gamma-aminobutyric acid A (GABA A ) receptor. Hence, MDZ was predicted to induce minimal changes in membrane fluidity.
Because volatile anesthetics are easily vaporized at room temperature, we closely monitored the aqueous concentration of ISO during the experiment using GC/ MS.
Materials and methods

Construction of marker proteins
The two marker proteins were generated by gene synthesis (Genscript, Piscataway, NJ, USA). The protein domains were connected in a pcDNA3 vector (Thermo Fisher Scientific, Waltham, MA, USA) using restriction sites introduced at the end of the synthesized domains. The combinations of the domains from the N terminus to the C terminus were as follows. Halo- Tag FBS. Primary neural cell cultures from cerebral cortices were prepared from embryonic day 20 (E20) Wistar rats [7] . Cerebral cortices were cut into small pieces and incubated at 37°C for 30 min in papain solution (10 unitsÁmL À1 papain in PBS). The neural cells were passed through a 70-lm cell strainer (Falcon, Oxnard, CA, USA) to remove debris and then plated in a Nunc Lab-Tek II chambered coverglass system at a final density of 1 9 10 5 cells and cultured in DMEM containing 5% FBS. The medium was changed to Neurobasal medium (Sigma-Aldrich, St. Louis, MO, USA) containing B27 supplement and glutamine (Thermo Fisher Scientific) the next day and supplemented with 10 lM cytosine-b-D-arabinofuranoside (Ara-C) after 3 days. The culture medium was replaced with new culture medium containing Ara-C every fourth day. Cells were maintained in an incubator with 5% CO 2 for 10 days.
This study was performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of Kagawa University, Japan (Approval number 15122).
FRAP analysis
HEK293T and neural cells were transfected with the fusion protein encoding expression plasmids using Lipofectamine 2000 (Thermo Fisher Scientific) 24 h prior to FRAP analysis. The cell-impermeable ligand (HaloTag Alexa Fluor 488 ligand) was added to the medium 60 min before FRAP analysis to determine specific labeling of cell-surface proteins, and the culture medium was replaced with 1 mM ISO dissolved in DMEM 30 min before FRAP experiments. The FRAP experiment was performed using a Zeiss LSM710 confocal microscope system with a 639 oil-immersion objective (Carl Zeiss, Oberkochen, Germany). A 1-lm-radius circular region of interest (ROI) was selected on the cell membrane. The imaging size was 512 9 128 pixels, and the scan speed was 33 ls per pixel. The experiments began by obtaining five images to record the prebleach intensity at 0.1% laser power, followed by full laser power photobleaching and a postbleach sequence of 300 images. Fluorescence intensity in ROI was adjusted using background subtraction.
The analysis values were calculated with nonlinear regression software, ORIGINPRO 2015 (Lightstone, Chiyoda-ku, Tokyo, Japan), using the following equations:
A n Ã expðÀx=t n Þ where y is the recovery ratio at the arbitrary point of time (x), t n is the time constant, A n is the constant, and y 0 is a theoretical plateau value for the recovery ratio (the socalled mobile fraction, M f ). The half-time to recovery (t 1/2 ) was determined as:
Here, t 1/2 is the time required for half the value of y 0 and depends on the average speed of the marker molecules in ROI. In contrast, M f depends on the number of moving molecules in ROI. The larger the number of mobile molecules in ROI, the greater is the value of y 0 (mobile fraction).
Measurement of isoflurane concentration using GC/MS
Prior to the FRAP experiments, we confirmed the aqueous concentration of ISO in the cell culture medium using GC/ MS as previously described, with slight modifications [8] .
Using a gastight syringe (Hamilton Company, Reno, NV, USA), media samples were collected before and after incubation under the same culture conditions as those used for the FRAP assay. Each sample (100 lL) was immediately placed in ice-cold glass vials containing 500 lL of n-heptane with 3 mM halothane (internal standard) and sealed with Teflonlined caps. After vortexing for 1 min, vials were centrifuged at 800 g for 3 min. An injection volume of 1 lL of the organic phase was used for GC/MS analysis. The saturated molar concentration of ISO in DMEM (15 mM) was calculated as previously described [9] . In brief, 1 mL of ISO was added to 100 mL of DMEM and stirred overnight in a gastight glass bottle, followed by gravity-driven phase separation for at least 3 h at room temperature. We freshly prepared three different dilutions (1 : 1, 1 : 3, and 1 : 9, resulting in 7.5, 3.75, and 1.5 mM ISO, respectively) from the saturated ISO solution and used these for GC/MS analysis. A linear calibration curve was obtained from the peak area ratio of ISO /halothane ranging from 1.5 to 15 mM (Y = 87.427X À 0.1566; R 2 = 0.9997).
Statistical analysis
All numerical values were expressed as mean AE standard deviation. Statistical significance was determined by Student's t-test, and P-values < 0.05 were considered statistically significant.
Results
Treatment of cells with isoflurane and midazolam
To investigate the effect of anesthetic drugs on cell membrane fluidity, we analyzed the lateral diffusion of fluorescence-labeled membrane molecules in the presence of anesthetic drugs using FRAP. FRAP is a method used to analyze the fluidity of target molecules in living cells using a confocal fluorescence microscope. We studied the frequently used anesthetic drugs ISO, a volatile anesthetic drug generally used in clinical medicine with an unknown detailed mechanism of action, and MDZ, a benzodiazepine agonist (Fig. 1A) . To analyze cell membrane fluidity, TfR fused to HaloTag protein was used as a membrane molecule. This was transiently expressed in cells and then allowed to bind to Alexa FluorÒ 488, a ligand of HaloTag (Alexa488-TfR). Cells were treated for 30 min with 1 mM ISO and 60 lM MDZ, the optimal blood concentrations for the clinical use of these anesthetics [10] [11] [12] , and then observed under a fluorescence microscope. Microscopic analysis showed neither significant morphological changes nor cell death under the conditions used (Fig. 1B) . We selected cells with no morphological changes following drug treatment for FRAP analysis.
In addition, dose of 0.5-2 minimum alveolar concentration (MAC; ED50 concentration of volatile anesthetics) is necessary for surgical anesthesia [13] . The calculated 1 MAC equivalent of ISO at 25°C used in this study was 0.51 mM [10, 11] . Therefore, it can be assumed that 1 mM ISO (2 MAC) is clinically relevant. We attempted a similar study with 2.5 mM ISO (data not shown). However, as remarkable changes were observed in the cell membrane morphology at this concentration, FRAP analysis was not performed. 
Changes in cell membrane fluidity after anesthetic drug treatment
We analyzed cell membrane fluidity of Alexa488-TfR by FRAP for 60 s after anesthetic drug treatment. Membrane fluidity measured using FRAP can be explained by two parameters: half-time to recovery (t 1/2 ) and mobile fraction (M f ). The t 1/2 is a time constant and is an indicator of the velocity of the moving fluorescence molecules. On the other hand, M f is the fluorescence recovery rate in ROI and indicates the number of mobile components. The results obtained by FRAP indicated that MDZ-treated HEK293T cells were not different compared with the control, whereas ISO-treated cells showed a significant decrease in t 1/2 , indicating an increase in membrane fluidity ( Fig. 2A,  B) . Moreover, we analyzed isolated neural cells using the same FRAP procedure and also found that the t 1/2 of the neural cells decreased significantly, as observed in HEK293T cells (Fig. 2C,D) . In HEK293T cells, M f increased significantly; however, it decreased in neural cells but not significantly. Furthermore, to investigate whether these changes could occur in other membrane proteins, the same study was conducted using Alexa-488-GPI. However, there were no significant changes in either t 1/2 or M f values after anesthetic drug treatment (Table 1 , Fig. S1 ). Thus, ISO affects the membrane fluidity of transmembrane proteins in living cells.
Quantification of isoflurane in culture media
Because ISO is a volatile molecule and cells were treated with 1 mM saturated ISO solution for 30 min prior to FRAP analysis, it was necessary to confirm that the concentration of ISO in the aqueous phase did not change during the experiment. We prepared eight individual chambers containing various concentrations of ISO solution used in the study. The ISO concentration in each chamber was measured using GC/MS immediately prior to incubation and again after a 30-min incubation. The saturated concentration of neat ISO, which was theoretically 15 mM, was measured as 13 mM in the chamber, and the concentration was unchanged after 30 min. Furthermore, the measured concentration of the 1 mM ISO solution (diluted in DMEM) stayed the same in the chamber after 30 min; therefore, it was confirmed that the chamber contained appropriate concentrations of ISO. Residual quantities of ISO in 10%, 25%, 50%, and 100% ISO solutions in the culture medium were measured over time by GC/MS and are shown in Table 2 .
Discussion
Isoflurane is a halogenated hydrocarbon. It does not have a specific binding receptor, and its mechanism of action as an anesthetic is unknown; however, a report using artificial lipid membranes showed that it is distributed at the lipid-water interface and weakens the membrane structure [6] . ISO enters the lipid membrane of bacteriorhodopsin and acts on the hydrophobic sites of membrane proteins and lipids [3] . MDZ, like ISO, is a drug that is clinically used for general anesthesia, and is a benzodiazepine with sedative and antispasmodic actions. Its site of action is the GABA A receptor.
We treated living cells with ISO and MDZ and performed FRAP analysis, a method used for live cell imaging, to observe the dynamics of the GPI anchor and fluorescence-labeled TfR. We found no significant changes in the MDZ group compared with the control group. Because MDZ acts by binding directly to the GABA A receptor, it is believed that it has little effect not only on lipid membranes but also on the GPI protein TfR. Therefore, it is reasonable that no significant difference was observed in the liquidity of Alexa488-GPI or Alexa488-TfR compared with the control group. On the other hand, in the ISO group, the fluidity of Alexa488-GPI did not change, but that of Alexa488-TfR did. It has suggested that GPI-anchored proteins and TfRs exist in different domains on the cell membrane, and ISO may have acted heterologously on these domains. And biochemically, although it is reported that GPI exists in raft domain and TfR exists in nonraft domain, we think that it is difficult to evaluate this difference by FRAP analysis. We assume that at least the volatile anesthetic ISO has a marked influence on the fluidity of the transmembrane protein rather than the membrane lipids. Furthermore, it is also important to consider the influence of the cytoskeleton and its supporting proteins as factors regulating the movement of transmembrane proteins. In particular, the cytoskeleton is thought to limit the diffusion of transmembrane proteins by constructing an actin mesh structure [14] . Lenne et al. [15] showed that treatment of COS-7 cells with latrunculin B and cytochalasin D, inhibiting actin polymerization, alleviated restricted transferrin motility brought about by the cytoskeletal network structure. At the same time, they reported that GPI-anchored proteins were less sensitive to site skeleton agonists (polymerization inhibitors and polymerization stabilizers) than TfR.
A study of nerve cell experiments using volatile anesthetics showed that ISO disturbs the structural stability of the actin cytoskeleton (structural destabilization), inhibits elongation of hippocampal dendritic spines [16] , and inhibits the development of immature astrocytes and neurons [17, 18] . All of these effects (mainly morphological changes) depend on the anesthetic dose, exposure time, and intracellular actin distribution (dendritic spines are rich in actin). Because the cytoskeleton takes various forms depending on the cell type, the cause of the difference in M f change between HEK293T and neural cells observed in our study may be due to characteristics of the cytoskeleton in each cell. In other words, differences in the sensitivity of various cells to ISO may be attributed to the differences in the cytoskeleton between cells. Although the primary cultured cells were used only on the 10th day in this study, the level and composition of sphingolipids in neural cells changes greatly as the cells mature [19] , and therefore, membrane fluidity in response to ISO at each stage of differentiation may vary. Age-and organ-dependent differences in anesthesia susceptibility [20] may be due to differences in membrane fluidity as a result of differences in sphingolipid composition. And considering the effects of actin skeleton and sphingolipid composition on the plasma membrane, the difference in time constant of lateral diffusion of Alexa488-TfR (t 1/2 of HEK293T: 12 s; and t 1/2 of neural cells: 3 s) may be an indicator of anesthetic efficacy. Further verification using other cells is required.
On the other hand, the change in liquidity shown using artificial membranes was < 1°in terms of change with temperature; therefore, we cannot conclusively state that the change in lipid bilayer fluidity is a key mechanism of anesthesia. Following a change in cell membrane fluidity, we would expect an amplification mechanism to ultimately achieve whole-body anesthesia. Several reports suggest that lateral diffusion of receptor proteins influences signal transduction. Using quantum dots, Bannai et al. [21] showed that the GABA A receptor that accumulates in the postsynaptic membrane in association with Ca influx (excitatory nerve activity) into the cell via the Nnitrosodimethylamine (NMDA) receptor becomes easy to move on the cell membrane, and the number of receptors decreases with deviation inside the synapse. A decrease in the number of GABA A receptors within the synapse causes attenuation of inhibitory neurotransmission. On the contrary, it was reported that the metabotropic glutamate receptorphospholipase C-to-inositol trisphosphate receptor signaling pathway is necessary for the accumulation and stable maintenance of GABA A receptors on synapses. In addition, Suzuki et al. [22, 23] reported that a temporary pause of about 0.5 s is necessary for the CD59 cluster, diffusing on the cell membrane, to transmit an intracellular signal. These findings suggest that when a signal is transferred into the cell, it is necessary for the receptor to remain on the cell membrane for a certain period of time.
Therefore, by increasing the fluidity of the membrane receptor protein, ISO is able to inhibit signal transduction. Because signal transduction involves multiple steps and maintains a balanced state, it is very difficult to identify the multiple active sites affected by volatile anesthetics in each system. The present study only evaluated the liquidity of GPI and TfR, and future studies are required to investigate changes in liquidity on exposure to anesthetics, with a focus on anesthetic-related receptors such as GABA A , NMDA, and the metabotropic glutamate receptor.
In conclusion, our findings suggest that ISO is an anesthetic agent that affects the mobility of transmembrane protein molecules. This study is the first to use live cells to examine the mechanism of action of volatile anesthetics on cell membranes and membrane proteins in detail.
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